Colibactin, a potent genotoxin of Escherichia coli, causes DNA double strand breaks (DSBs) in human 28 cells. We investigated if colibactin creates a particular DNA damage signature in infected cells by 29
In humans, several bacterial species have been attributed to a potential role in colorectal cancer (CRC), 48
including Fusobacterium nucleatum 1 and colibactin-producing strains of E. coli 2,3 . Mechanistic analyses 49
indicated distinct cancer-promoting mechanisms elicited by these bacteria, including the activation of 50 inflammatory and growth-promoting signaling pathways as well as the induction of DNA damage 4 . In 51 particular, colibactin toxin, a secondary metabolite produced by strains of the B2 phylogenetic group 52 of E. coli, has long been known to possess DNA damaging ability. In 2006, Nougayrède and 53 collaborators described the 54 kilobase pks genomic island that encodes this polyketide-peptide hybrid 54 and showed that pks-harboring E. coli induce double-strand breaks (DSBs) in host cells and activate the 55 G2-M DNA damage checkpoint pathway 5 . The recent discovery of a cyclopropane ring, characteristic 56 of DNA alkylating agents, led to the isolation of colibactin-dependent N-3 adenine adducts from host 57 DNA 6 . This observation was followed by the resolution of colibactin's mature structure as a highly 58 symmetrical molecule, containing identical cyclopropane warheads at each end, which can give rise to 59 DNA cross-links 7 . Yet, it is unclear if colibactin's mode of action generates a specific signature that is 60 retrievable in cancers from tissues potentially exposed to respective E.coli infections. 61
To determine a potential preference of colibactin action for specific sites in host cell DNA, we began 62 by globally defining the occurrence of DSBs upon infection of colon derived cells with pks+ E. coli. To 63 this end, we applied 'Breaks Labeling In Situ and Sequencing' (BLISS), which allows the detection of the 64 down the motif. The top-scoring motif was identified as AAWWTT ( Fig. 2D) , which contains the 115 enriched pentanucleotide patterns and is compatible with the 3'/5' extensions represented in Fig. 2C . 116
This symmetric motif indicates a requirement for distant adenines on opposing strands of the double 117 helix while the preference for central A/T nucleotides might derive from dependency on additional 118 conformational conditions. 119 120 Preferred sites of colibactin action exhibit distinct DNA shape characteristics 121
Small molecule DNA ligands bind preferentially through intercalation and/or contacts with the double 122 helix major or minor groove, where binding specificity is usually defined by nucleotide sequence-123 dependent DNA shape characteristics (reviewed by Tse et al. 14 ) . To investigate whether colibactin has 124 specific DNA shape preferences, we carried out predictions of the shape features in the proximity of 125 each detected DSB. Remarkably, in close proximity (±8 bp) of the detected breakpoints, minor groove 126 width (MGW) exhibited reproducible deviations from the line of averaged values at positions located 127 further away from the DSBs. This was true not only for samples exposed to pks+ E. coli, but also for all 128 other samples (Fig. 3A) . In addition, all other computationally predicted DNA shape features (helical 129 twist, propeller twist, roll and electrostatic potential) also showed deviations within 8 bp of the DSBs 130 in all samples (Fig. S2 ). To ensure that the specific landscape of DNA shape at the DSB position is not 131 across conditions. To further explore the differences between the DNA shape parameters in the 140 individual breakpoint positions of pks+ and pks-E. coli infections in an unbiased manner, we applied k-141 means clustering as unsupervised machine learning algorithm. Assigning every set of predicted values 142 of the DNA shape characteristics for each DSB to the closest centroid of 1 out of 9 clusters 143 independently for both pks+ and pks-E. coli induced DSBs, resulted in specific and unique shape 144 patterns for each cluster (Fig. S3A,B ). Interestingly, a quarter of all breakpoints from both infection 145 models were assigned to the respective cluster 1 (Fig. 3B ), whose profile amplitudes and pattern 146 correspond to the global profile of MGW. To gain a better overview of the sequence content of each 147 cluster, the probability for the presence of each nucleotide was computed for each position (top row 148 for each cluster). As expected, MGW dips were associated with high AT-rich content in all clusters. 149
Most of those dips correlate to short AT stretches most likely caused by periodic 10 bp spaced WW 150 dinucleotide motifs in the genome sequence associated with nucleosome positioning 15 , which occur at 151 different positions in the breakpoint context and are therefore distributed to separate clusters. 152
To determine whether any cluster was unique to a particular treatment, we compared clusters for both 153 infection conditions. Indeed, cluster 9 of the pks+ E. coli dataset was not paired with any pkscluster 154 for any of the parameters examined and showed the strongest deviations of shape parameters 155 centered at the estimated DSB position. This was true regardless of whether clusters were compared 156 separately for each predicted DNA shape parameter ( Fig. S3C ) or for all parameters together ( Fig. 3C) . 157
This confirms that the sequences in proximity to the DSBs assigned to cluster 9 of pks+ E. coli represent 158 a group of breaks unique to this condition. Differences between MGW means for cluster 1 and 9 show 159 how strongly AT-rich sequences influence local DNA shape ( Fig. 3B) . 160
161

Colibactin's binding motif corresponds to extreme DNA shape parameter values 162
In order to unveil the features of the DNA molecules preferred by colibactin, we analyzed the structural 163
properties of the DNA stretches close to the identified DSBs. We correlated the predicted DNA shape 164 parameters for the central 1-2 bps of all possible pentanucleotides (1024) with the log2-ratios of 165 pentanucleotide sequence enrichment in DSB positions caused by colibactin. Remarkably, colibactin's 166 preferred pentanucleotide sequences, d(AAATT)·d(AATTT) and d(AAAAT)·d(ATTTT), were associated 167 with the narrowest minor groove widths, with values below 3 and 3.7 Å respectively, as well as with 168 some of the most negative values for propeller twist of the central base pair and extremely negative 169 electrostatic potential (Fig. 4A ). Closer inspection of the inter-base pair parameter roll revealed that 170 AAATT, the most frequent pentamer that surrounds the break point, also shows very peculiar 171 conformational characteristics ( Figure 4A ). The DNA stretch composed of A-tract followed by T-tract 172 tract shows that the progressive narrowing of the DNA minor groove going from the 5΄ to the 3΄ end is 173 correlated with low roll values. Values for the DNA stiffness descriptor (40) (k_tot, see Methods 174 section), revealed that these tracts possess high intrinsic rigidity ( Fig. 4A , Table S1 ), making them 175 difficult to distort. 176
To obtain a more complete picture of the combined effect of the DNA shape characteristics, we 177 extended this analysis to the central 5 bp of all possible 9 bp sequences and explored the multivariate 178 space defined by all DNA shape parameters and at all positions by principal component analysis. Again, 179 enriched motifs in pks+ E. coli infected cells compared to pks-E. coli stood out as an extreme group 180 among all analyzed sequences (Fig. 4B ). The data suggest that colibactin's binding preference for DNA 181 stretches with the central pentanucleotides AAATT/AAAAT is driven not only by nucleotide content 182 but also by particularly extreme values of sequence-associated DNA shape attributes like MGW and 183 electrostatic potential. To probe this, we also calculated the molecular interaction potential (MIP) 184
using Na + as probe for the most and the least preferred DNA central pentamers for colibactin binding 185 (AATTT and CTTTG respectively). The isosurfaces for the two DNA sequences ( Figure 4C , blue) 186 confirmed strongly different electrostatic potential correlated with different minor groove 187 conformations, which is likely to be related to the difference in colibactin binding affinity. All these 188 observations suggest that the unusually narrow minor groove together with an inherent rigidity and a 189 marked electrostatic potential facilitate recognition and binding of colibactin, probably maximizing its 190 interactions with the DNA. 191
In order to explore the binding between the DNA and colibactin we built a molecular model of 192 colibactin (see Methods for details) using quantum mechanics (QM) calculations as first structural 193 guess. The optimized structures were then hydrated and subjected to molecular dynamics (MD) 194 simulations (details on parametrization are discussed in Methods) using state-of-the-art simulation 195 conditions (see Methods). Colibactin appears as a rather flexible molecule, with an average end-to-196 end distance around 13 Å (Fig. S4 ). This suggests it can bind 4-5 base pairs if located along the minor 197 groove, which is supported by its structure, its preference for AT-rich sequences, and its ability to From the equilibrium trajectory we determined that the number of base pairs involved in the binding 205 could fluctuate between 4 and 5, depending on the orientation of the cyclopropane, and the carbon 206 alkylating the N3 of the adenines ( Figure 4E , enlargement). In all cases colibactin fits perfectly into the 207 narrow minor groove of the targeted sequences and adopts a spatial arrangement that would facility 208 alkylation at N3. 209 210
Somatic mutations at colibactin target sequences indicate role in cancerogenesis 211
Having identified a specific nucleotide sequence associated with colibactin-induced DSBs, we 212 wondered if we could identify a specific mutational signature associated with this sequence in cancers 213 that have been experimentally connected to pks+ E. coli infection 2,17 . Using whole-exome sequencing 214 (WXS) data from colorectal cancer samples 18 (n=619) and across several cancer entities in the TCGA 215 project (https://www.cancer.gov/tcga, see Methods, n=553 colorectal cancers among 10,224 tumor 216 cases in 24 cancer types), we tested whether somatic mutations are specifically enriched at the 217 identified pentanucleotide sequences. We determined the hexanucleotide-specific mutation rate for 218 all possible hexanucleotides adjusted for their frequency in exonic regions. Given colibactin's 219 demonstrated preference for alkylation of adenines, we assessed the mutation rate for single 220 nucleotide variants (SNV) at reference bases A or T. We hypothesized that preferential binding of 221 colibactin to AAWWTT motifs (i.e. AAATTT or AATTTT/AAAATT) should increase the mutation rate at 222
these motifs compared to all other hexanucleotides with the same length and nucleotide content (i.e. 223 all remaining WWWWWW motifs). Since we observed that mutation rates at AAWWTT motifs were 224 particularly high in hypermutator samples harbouring polymerase epsilon (POLE) mutations, we 225 assessed mutation rates in cohorts defined by total SNV numbers per samples and POLE-mutated 226 samples separately. We found that mutation rates in AAWWTT motifs were enriched compared to all 227 other WWWWWW motifs in colorectal cancers in both data sets analyzed ( Fig. 5A ). In the TCGA pan-228 cancer data set we also found enrichment at AAWWTT motifs in stomach cancer, uterine corpus 229 endometroid cancer and breast cancer. No enrichment was found, e.g. in head and neck squamous 230 cancer, lung adenocarcinoma and lung squamous carcinoma, while enrichment only for POLE mutated 231 cases was found in bladder cancer and cervical squamous cancer ( Fig. 5B) . 232
We validated the findings from WXS data in a cohort of colorectal cancer assessed by whole genome 233 sequencing (WGS) 19 . We analyzed enrichment of mutations at colibactin associated motifs for 208 234 tumors including 193 microsatellite stable (MSS), 3 POLE mutated and 12 microsatellite instable (MSI) 235 cases in a similar way as for WXS data but considering each sample separately instead of pooling in 236 subcohorts. This allowed to identify enrichment and mutational loads for individual samples. We found 237 significant (Mann-Whitney-U test, p<0.05, FDR <20%) enrichment of mutations at colibactin associated 238 pentanucleotide motifs compared to other motifs with same length and A/T content in 3/3 POLE 239 mutated samples and 49/193 (25.3%) MSS cases but not in MSI cases. We found similar enrichment as 240 for penta-(AAATT/AAAAT) for hexanucleotide (AAWWTT) motifs associated with colibactin in MSS 241 samples (data not shown). The median number of mutations in MSS samples at colibactin associated 242 motifs was 963 (range: 63-11876) corresponding to a median proportion of 6.7% (range: 3.9-44.7%). 243
We next asked if an association exists between the preferred colibactin motif and any of the previously 244 described mutational signatures 20,21 . Again, we used somatic mutation data from the TCGA data set as 245 above and classified all single nucleotide variants according to the sequence context in direct proximity 246 (+/-5bp). Variants were assigned to one of three groups: Those with sequence context containing 247 AAATT/AATTT or AAAAT/ATTTT, those with contexts containing a control TTT motif and all remaining 248 mutations. Globally we observed distinct mutation frequencies for several trinucleotide changes ( We pursued an unbiased bimodal approach that revealed a signature of the bacterial genotoxin 263 colibactin in the human cancer genome indicating a causal link between a bacterial infection and the 264 emergence of cancer. This was achieved by first defining the DSB-landscape generated by the action 265 of colibactin through applying the BLISS sequencing technology and subsequent comprehensive 266 analysis of the genome-wide location of DSBs. The resulting DSB pattern, which exhibits exceptional 267 structural features, corresponded to, and could be further refined by, three-dimensional modelling of 268 the colibactin-DNA complex, involving distinct topological interactions with the minor-groove. In a 269 second step, we used the identified motif to assign associated mutations in various cancer genome 270 databases. Most interestingly, we revealed an enrichment of mutations at colibactin-associated motifs 271 in colorectal cancers but also detectable in a few other cancer types, notably uterine endometroid and 272 stomach cancer. We identified putative trinucleotide signatures (SBS41, SBS28) in the context of these 273 mutant sites in the same cancer entities. to the mutagen 21,35 . However, it is to be expected that the signatures depend strongly on the specific 314 type of damage induced by each substance. Here we identified two signatures that are consistent with 315 colibactin action, one with (SBS28) and one without (SBS41) relation to known DNA repair defects. An 316 impact of reduced DNA repair and mutagen-induced damage on the emergence of different 317 mutational signatures has recently been shown in a model of C. elegans 36 . The enrichment of 318 mutations specifically in POLE cases hints at either a similar outcome of distinct mutational processes 319 or even a role of POLE in the repair of colibactin-associated damage. 320
Colibactin has been found not only in E. coli but also in Klebsiella isolates 37 . Considering the widespread 321 and diversity of bacteria carrying this toxin, it is maybe not surprising that the mutational signature 322 identified here is not only restricted to the colon. Rather, other tissues might also be colonized by 323
either pks+ E. coli, another species bearing the pks gene cluster, or a different species with a closely 324 related genotoxin. Thus, our study will stimulate future research on other pathogen-host cell 325 encounters that could lead to an even greater match of the identified signature with different cancer 
Pre-processing of sequencing data 403
Raw sequencing data were pre-processed as previously described 7 . In brief, only reads which 404 contained the expected prefix of UMI and sample barcode were kept using SAMtools 40 . One mismatch 405 in the barcode sequence was allowed. Further, prefixes were trimmed and the remaining sequences 406 were aligned to the GRCh37/hg19 reference genome using BWA-MEM 41 . Reads with mapping quality 407 scores ≤ 30 and those which were determined as PCR duplicates were removed. Finally, a BED file 408 containing a list of unique DSBs locations was generated. DSBs which fell into ENCODE blacklist regions 409 42 , high coverage regions 34 and low mappability regions 34 were removed. Kept positions of DSBs were 410 further used in downstream analysis. 411
Locus Overlap Analysis 412
To identify significant overlaps of DNA DSB with genomic region sets we used LOLA 11 . We first defined 413 whole genome as a Universe Set, which was next divided into tiles of equal lengths (1,000 nt). For each 414 created tile we next searched for overlaps with captured by BLISS DSBs using the findOverlap() 415 function. All tiles containing ≥ 10 breaks were used as a Query Set. The runLOLA() function was 416 executed with LOLA Core databases (reduced by Tissue clustered DNase hypersensitive sites) as well 417 as LOLA Extended databases and custom database containing non-B-DNA regions (https://nonb-418 abcc.ncifcrf.gov/apps/site/references). Fisher's exact test was used with a FDR ≤ 5%. 419 DNA Shape predictions 420 DNA structures can be described in terms of base-pair and base-step parameters that consist of three 421 translational and rotational movements between the bases or the base pairs, respectively. At the base-422 pair step level, DNA deformability along these six directions has been described by the associated 423 stiffness matrix 43 . From the ensemble of MD simulations considering the tetramer environment using 424 the newly refined parmbsc1 force field, we retrieved the 6x6 matrix describing the deformability of 425 the helical parameters for each possible DNA tetramer. Pure stiffness constants corresponding to the 426 six base-pair step parameters (shift, slide, rise, tilt, roll and twist) were extracted from the diagonal of 427 the matrix and the total stiffness (K_tot) was obtained as a product of these six constants and used as 428 an estimate of the flexibility of each base pair step in a tetramer. For predictions of minor groove width 429 (MGW), propeller twist (ProT), electrostatic potential (EP), helical twist (HelT) and roll (Roll) the 430 getShape function from 'DNAshapeR' package was used 44 . Input FASTA files, containing sequences in 431 close proximity to identified DSB (±5nt or ±100nt), were extracted with custom python script (available 432 upon request). The interaction potential (electrostatic and van der Waals) of Na + probes with DNA 433 duplexes was determined using a linear approximation to the Poisson-Boltzmann equation and 434 dielectric constant for the DNA as implemented in the CMIP program 45 . 435
K-means clustering of DNA shape profiles 436
We used an elbow method to find appropriate number of clusters in the dataset, which consisted of 437 predicted values of all parameters (MGW, HelT, ProT, Roll, EP) ±8 nt from each breakpoint. Based on 438 cluster number diagnostic it was chosen to use k=9. Initial cluster centers were defined using 100 439
iterations. Next, we assigned every set of observations for each breakpoint into the closest centroid of 440 1 out of 9 clusters, independently for both -pks+ and pks-E.coli-induced DSB. Finally, sequence 441 content of each cluster was exported and used as an input for computing proportion of each nucleotide 442 per position (see SeqLogo method). 443
SeqLogo 444
To compute and visualize the proportion of each nucleotide per position from collection of sequences 445 consensusMatrix() and seqLogo() functions from 'seqLogo' package were used 46,47 446
Model and Molecular dynamics set up 447
The 3D structure and protonation state of the colibactin were built starting from the smile 448 http://www.chemaxon.com/products/marvin/marvinsketch/). The geometry of the model and the 451 partial atomic charges were assigned to the structure with General Amber Force Field (GAFF) 48 . 452
Parameters and topology files were prepared with Acpype 49 . The colibactin was then simulated in 453 explicit solvent at 298K (see below for details) for 250ns and along the simulation the distance between 454 the cyclopropanes was monitored (see Fig.S4 ), to study their orientation and the overall length of the 455 free colibactin. Using HADDOCK 2.4 16 , we then built the complex DNA-colibactin. For the docking, we 456 selected a representative structure of the free colibactin along the MD simulation, with an average 457 distance among the cyclopropanes (red line, Fig. S4 ) and an equilibrated structure of the DNA 458 (sequence CGAAATTTCG). After the initial docking, that positioned the molecule correctly along the 459 minor groove of the DNA, we then manually rotated slightly the molecule to improve the orientation 460 of the cyclopropanes towards the N3 of the closest adenine using PYMOL (The PyMOL Molecular 461
Graphics System, Schrödinger, LLC (2018)). To check the stability of this complex and to equilibrate its 462 structure the model was simulated (see details MD simulation below) and minimized in solution with 463 positional restraints on the solute using our well-established multi-step protocol 50,51 . The minimized 464 structure was thermalized to 298K at NVT, and then simulated first applying harmonic restraints of 5 465 kcal/mol·Å2 on the DNA on the DNA structure and distance constraints between the cyclopropane and 466 the N3 of the adenine (respectively 4 and 5 bases apart), each represented by a harmonic restraint of 467 2.5 kcal/mol·Å 2 . To further check the stability of the complex we then slowly removed the constraints 468 and run MD simulation of the complex during 60 ns by means of Molecular Dynamics simulations at 469 NPT (P = 1 atm; T= 298K). The first 10 ns of the simulations were considered as an equilibration step 470 and were discarded for further analysis. 471
In each MD simulation, DNA, free colibactin and their complex, respectively, we placed the solute in 472 the centre of a truncated octahedral box of TIP3P water molecules 52 , neutralized by K+ ions. In each 473 simulation the Berendsen algorithm 53 was used to control the temperature and the pressure, with a 474 coupling constant of 5 ps; and the SHAKE algorithm was utilized to equilibrium the length of hydrogen 475 atoms involved in the covalent bonds 54 . Long-range electrostatic interactions were accounted for by 476 using the Particle Mesh Ewald method (14) with standard defaults, and a real-space cut-off of 10 Å. 477
For the DNA we used the newly revised force field parmBSC1 55 . All simulations were carried out using 478 AMBER 18 56 , and analyzed with CPPTRAJ 57 and visualized using VMD 1.9.4 58 . 479
480
Cancer somatic mutation data 481
We obtained somatic variant data from the TCGA Unified Ensemble "MC3" Call Set 59 ("TCGA pan-482 cancer dataset") and from the supplementary data of Giannakis et al 18 . To test for enrichment of 483 mutations at any motif we first identified positions of all hexanucleotide motifs in the exonic portion 484 of the genome. Somatic variants occurring at A or T bases were grouped in one of 6 classes (quartile 485 1-4, outlier or POLE mutated sample) depending on the total SNV number and POLE mutation status 486 of the corresponding tumor sample We then computed the mutation rate for each hexanucleotide 487 motif with respect to the number of genomic bases covered in exonic regions for the same motif. As a 488 baseline, we established the mutation rates of all WWWWWW motifs and subtracted their mean from 489
the mutation rate of all other hexanucleotide motifs. We then tested for significance of the mutation 490 rate at colibactin associated AAWWTT motifs (i.e. AAATTT and AAAATT/AATTTT) compared to the 491 remaining WWWWWW motifs using Mann-Whitney-U tests and computed the false discovery rate 492 (FDR) using the method of Benjamini-Hochberg 60 . Reads from WGS of colorectal cancers 19 EGA 493 database accession code EGAS00001003010, ) were aligned to GRCh38 with BWA-MEM 41 and called 494 using Mutect2 61 . All single nucleotide variant calls (PASSed by Mutect2) were used to determine the 495 number of mutations overlapping WWWWW pentanucleotides and WWWWWW hexanucleotides and 496 further analyzed in a similar way as for exome sequencing data on an individual sample basis. 497
Analysis of pattern enrichment in cancers 498
For analysis of signatures we classified all variants according to the presence of patterns in the +/-5bp 499 around SNV variant calls: one group contained colibactin associated pentanucleotides (AAATT/AATTT 500 or AAAAT/ATTTT), one contained AAA/TTT in order to control for AT-rich sequences and one contained 501 all other motifs. The R package deconstructSigs 62 was used to estimate the contribution of COSMIC 502 signatures v3 21 independently for each group. Differences between groups were assessed for each 503 single base change signature (SBS) between groups using Mann-Whitney test. 504
Data analysis and visualization 505
All visualizations and statistical analyses were produced using R v3.4 63 506 507 508 Landscape of cluster 1 for both conditions reflects the general pattern of MGW in close proximity to 725
Figure Legends
DSBs (note different y-axis scale). pks+ cluster 9 corresponds to AT-rich sequences across identified 726
DSBs. Profiles of all parameters for every cluster can be found in Supplementary Fig 3A and B . 727 (C) Heatmap comparing averaged profiles of all identified clusters based on all predicted DNA shape 728 parameters across pks+ and pks-infection conditions. Colors indicate individually Z-scored DNA 729
shape characteristics. Each square in the heatmap refers to specific position from the break. Black 730 arrows are marking exact DNA DSB position.Note that pks+ cluster 9 is unique for this treatment and 731
shows extreme values centered at the DSB position. 732 
